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INTRODUCTION

Up-conversion (UC) at low power intensities is a very
appealing phenomenon, which opens the way to many possible
applications including solar harvesting, bioimaging, optical data
storage, and many others. Triplet—triplet annihilation (TTA)
UC has been demonstrated in several systems that comprise a
liquid solution of triplet sensitizers and emitters.' More
recently, this phenomenon has been realized also in solid
polymer matrices, which are more suitable for potential
applications.”™> In this frame, the existence of other solid-
state UC systems with no need of sensitizers may be of extreme
interest, and in this work we show that acene host—guest
crystalline systems can be successfully used for the purpose of
converting near IR photons into visible (yellow-red) light. The
rationale behind this choice relies on the following observa-
tions.

On one side, host—guest systems based on organic molecular
crystals have recently provided a good platform for the design
of functional materials with enhanced optoelectronic properties
such as resonant energy transfer (RET),*® tunable fluo-
rescence,” and amplified spontaneous emission (ASE)."’
Indeed, their structures offer a model to investigate relation-
ships between molecular packing modes and optoelectronic
features.

On the other side, acene-based dyes are known to have a
significant fluorescence quantum yield in solution."" This
efficiency is partly quenched when going to the solid state
because of aggregation effects. Conversely, in order to obtain
performing optoelectronic devices it is necessary to retain good

fluorescence efficiency also in the solid state. Recently, organic
molecular host/guest cocrystals based on oligoacene materials

have been shown to promote a very efficient host-to-guest
energy transfer at very low concentrations of guest species.
These can be thought of as substitutional defects and behave as
isolated molecules in the surrounding environment of the host
crystalline matrix. The large Forster-type resonant energy
transfer (FRET)'' shown by these systems has allowed us to
obtain highly fluorescent polymer films which can be deposited
on appropriate substrates using conventional wet processing
techniques. In addition to retaining significant luminescence

efficiency, these systems also offer the possibility of tailoring the
converted emitted wavelength by changing the host/guest pair.

This makes them suitable candidates as active components, e.g.,
in organic luminescent solar concentrators (OLSCs), which
currently represent a promising technology to reduce
manufacturing and installation costs of conventional photo-
voltaic modules.'”~'* The preparation of fluorescent films
based on poly(methyl methacrylate) (PMMA) doped with
anthracene/tetracene (Ac/Tc) host/guest cocrystals was
recently reported, together with their use as OLSCs for Si
solar cells."

In the present work we focus on the tetracene/pentacene host
—guest crystalline system (Tc/Pc, Figure 1). This choice has the
advantage of a longer emission wavelength with respect
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Figure 1. Molecular structures of the cocrystal constituents: tetracene
(host) and pentacene (guest).

to what was previously obtained with the use of the Ac/Tc
couple;15 moreover, as reported below, the peculiar electronic
structure of host and guest molecules makes it possible to
combine efficient energy transfer to efficient TT recombination
giving rise to UC.

Up to now cocrystalline host/guest systems of this type have
been investigated for their potential use as down-converters of
high-energy photons or light emission amplifiers. To the best of
our knowledge, they have never been studied to up-convert
(UC) low-energy photons,l(”l7 such as those in the NIR region,
into visible photons.

EXPERIMENTAL SECTION

Cocrystal Synthesis. All chemicals and solvents were
purchased from Sigma-Aldrich and used as received. A general
procedure was employed for the preparation of tetracene/
pentacene (Tc/Pc) cocrystals (here reported for the 50:1 molar
ratio case). Tc (250 mg, 1.09 mmol) and Pc (6 mg, 0.021
mmol) were placed in a two-necked round-bottomed flask
equipped with a condenser and kept under a gentle argon flux.
Toluene (150 mL) was added, and the resulting orange
suspension was stirred at room temperature for 5 min, ensuring
protection from external light with an aluminum foil. Heating
was turned on and continued until reflux temperature was
reached. At this point more toluene was added, until complete
dissolution of the remaining suspended solids was achieved (20
mL). The resulting solution was left standing and allowed to
cool to room temperature slowly. Needle-shaped orange
crystals formed which were filtered and dried in a vacuum
oven at 70 °C for 30 min (247 mg).

Further recrystallization of the solution-derived material was
carried out by sublimation diffusion using a homemade
apparatus. The cocrystalline material (~5 mg) was inserted at
the bottom of a glass tube, which was subsequently degassed
under vacuum, refilled with Ar, and sealed, to ensure complete
isolation from the external environment. The sealed tube was
then placed in a heating chamber, leaving the upper part
outside the heating zone. By allowing current to pass through
the resistance surrounding the chamber, a temperature of
approximately 220 °C was reached inside, as verified with a
temperature sensor. Platelets like cocrystals grew inside the
tube in the area immediately outside the heating chamber. After
complete recrystallization the tube was removed from the
chamber, allowed to cool to room temperature, and opened to
extract the recrystallized material.

The anthracene/pentacene (Ac/Pc) cocrystalline material
was prepared according to the following procedure (50:1 molar
ratio): Ac (62 mg, 0.35 mmol) and Pc (2 mg, 0.007 mmol)
were placed in a two-necked round-bottomed flask equipped

with a condenser and kept under a gentle argon flux.
Chloroform (100 mL) was added, and stirring of the resulting
suspension was carried out for S min at repair from light. The
mixture was heated to reflux, whereupon all solids dissolved. At
this point, condenser was removed while keeping the heating
on, in order to completely evaporate chloroform. White Ac/Pc
cocrystalline material formed at the bottom of the flask, which
was allowed to cool to room temperature and dried in vacuo
(64 mg).

Photoluminescence Spectroscopy. Photoluminescence
(PL) spectra of solid-state materials were recorded on a Jasco
Fp 6600 spectrofluorometer. The PL quantum yields (QY)
were obtained using a homemade integration sphere following
the procedure already reported."®

Power-dependent photoluminescence spectra of micrometric
regions in the Tc/Pc cocrystals were recorded by using a Dilor
Labram HR800 Raman spectrometer coupled with a BX41
Olympus microscope and a thermoelectrically cooled CCD
detector. An Ar* laser (line at 457 nm) and a solid-state laser
(line at 785 nm) have been used as excitation sources. The
exciting laser beam was focused on the samples with 20X or
50X Olympus objectives. Spectra are the average of four
measurements with 0.5 or 1 s integration time, according to the
maximum signal intensity to avoid detector saturation. The
power density at the sample for the 457 nm laser was varied
ranging from 9.3 X 10° to 4.1 X 10° mW cm™. The power
density for the 785 nm laser was varied from 1.2 X 107 to 1.1 X
10° mW cm % Photoluminescence spectra of different
micrometric regions of recrystallized Tc under 785 nm
excitation were recorded by varying the laser power from 1.2
X 107 up to 3.7 X 10° mW cm ™2 Photoluminescence spectra of
different micrometric regions of Ac/Pc cocrystalline material
under 785 nm excitation were recorded by varying laser power
from 1.4 X 10’ mW cm ™ up to 1.1 X 10° mW cm ™2

Time-Resolved Measurements. Time-resolved measure-
ments were performed by using a mode locked Titanium:sap-
phire laser system operating at 80 MHz and delivering 100 fs
long pulses (fwhm) with a cw mean power of about 500 mW at
780 nm. Optical excitation around 3.2 eV was obtained using a
lithium iodate (LilO;) crystal as a frequency doubler. Laser
pulses were focused down to a 80 ym spot on the samples, and
the excitation power density was about 22 mW/cm? Photo-
luminescence was spectrally dispersed in a single spectrometer
and temporally resolved with a visible 2D-streak camera
(Hamamatsu C5680). The temporal resolution in the
configuration we employed was of the order of 10 ps. Decay
traces were extracted from streak camera spectrograms by
integrating over a ~50 nm wide spectral window, while spectra
at different delays were integrated over a ~100 ps wide
temporal window. Up-conversion measurements were per-
formed by using the same titanium:sapphire laser system both
in the cw and pulsed regime. The excitation wavelength was at
780 nm with the same mean power in the two configurations.
Laser light was focused down to a 1S um spot, and the
excitation power density was about 0.3 mW/um?. The collected
signals were recorded with a LN-cooled CCD camera
(Princeton Instruments 7439-0001) coupled to a grating
spectrometer (Acton SP2500i).

RESULTS AND DISCUSSION

Synthesis and Photoluminescence Properties. Doped
crystals were grown from hot toluene solutions. In this way
needle-shaped crystals a hundred micrometers long have been



Figure 2. Microscope images of Tc/Pc cocrystalline materials. (a) Cocrystals resulting from solution crystallization. (b) Cocrystals obtained from
recrystallization of solution-derived cocrystals. (c) Graphical representation of the molecular packing of Tc in the ab plane.

obtained (Figure 2a). Further recrystallization was achieved by
sublimation diffusion of the crystalline material obtained from
solution, resulting in a sample with platelet-like crystals with a
size in the millimeter range and preferential growth along the ab
plane of Tc (Figure 2b and 2c).

Samples with two different Tc:Pc molar ratios were

investigated, namely, 350:1 and 50:1, showing different FRET

efficiencies (Figure 3) and minor dependences on the crystal
preparation method (see SI Figure S1).
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Figure 3. Photoluminescence spectra of Tc/Pc cocrystals obtained
from toluene solution (4., = 400 nm) with different molar ratios of
the two components, respectively, 350:1 (black line) and 50:1 (red
line).

The emission spectra of the cocrystals are characterized by
three different peaks at 563, 616, and 670 nm, respectively. The
higher energy peak is due to crystalline tetracene, and the two
lower energy peaks are due to the 0—0 and 0—1 vibronic
features of isolated pentacene, appearing at a longer wavelength
with respect to the PL spectrum of the molecule in the gas
phase'® and in solution,” as a result of the different
surrounding environment.

The photoluminescence quantum yield (PLQY) excited at
400 nm, of the 50:1 (mol:mol) Tc/Pc cocrystal, has been
measured and resulted to be 12% for the solution-derived
material and 10% for the recrystallized material. Within the
experimental uncertainty, the two PLQYs are to be considered
the same value. In the more dilute cocrystal (350:1) the PLQY
drops to 4%. These values are significantly higher with respect
to pure crystalline Tc, for which a PLQY lower than 1% was
estimated by us, in accordance with literature data.”* A possible
explanation for the observed increase of PLQY in the Tc crystal
upon Pc doping could be the partial disruption of the crystal

long-range order caused by the Pc guest molecules and the
consequent reduction of exciton mobility toward nonradiative
decay channels.'

The theoretical Forster radius (Ry) of the energy transfer
from Tc to Pc of this system can be estimated with the
formula®

RS =897 x 107°[k*n*QYy/] (1)

where k* is the orientation factor, assumed to be 4 in the
cocrystal;” n is the refractive index of the medium (assumed to
be 1.54 in Tc); QYp is the PLQY of the host/donor in the
absence of the guest/acceptor (assumed to be 0.008); and J
expresses the degree of spectral overlap between the donor
(Tc) emission and the acceptor (Pc) absorbance. The latter can
be calculated as follows

[O " Fp()e,(A)A*dA
TR
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where Fp, is the fluorescence spectrum of the donor and €, is the

molar extinction coeflicient of the acceptor (assumed to be 9900
cm™ M™! at the absorption maximum).” The value of R,
resulting from the use of eqs 1 and 2 is 2.7 nm, a suitable

distance for efficient FRET to take place.

Different reﬁions of the cocrystals were investigated focusing a
457 nm laser beam, under a microscope objective, on 0.86 yum>
areas evidencing the presence of some inhomogeneities in the
microscopic Tc/Pc relative concentrations. The inhomo-geneity
of the sample reduces the FRET efficiency due to the presence
of crystal regions where Pc concentration is lower than the
nominal one. As a consequence, the experimental FRET

efficiency results are lower than the theoretical one (see SI). For

a fixed sampled area, all the spectra presented a similar
dependence of the emission intensity vs incident laser power,

namely, a linear relationship when considering Tc emission and
a slower growth law with a saturation regime for Pc emission
(see SI Figures S3 and S4). The linear behavior likely indicates
that emission from the first excited singlet of Tc (Tc-S1) takes
place immediately after light excitation, whereas emission from
Pc takes place mostly from Pc-S1 states populated through
energy transfer from Tc-S1. This behavior can be explained
taking into account the fact that Pc emission is comprised of two
contributions: direct excitation with the consequent emission
from Pc-S1 states (which gives a linear dependency on laser
power as observed for Tc) and the excitation mediated by the
energy-transfer (host—guest) processes which are governed by
the kgr rate constant (dn/dt = kpr[N]) and which therefore
saturate at high laser excitation powers. Due to
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the small number of dopant molecules in the cocrystal, the first
kind of contribution should be smaller.

Changing the excitation laser line from 457 to 785 nm to
record a Raman spectrum free from the fluorescence back-
ground of T¢, one would not expect to observe any emission in
the anti-Stokes region. On the contrary, as reported in Figure 4,
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Figure 4. Stokes and anti-Stokes region of the Raman spectra of
recrystallized Tc (black line), recrystallized Pc -doped Tc (red line)
under 785 nm laser excitation with 1.4 X 10> mW cm™> power density,

and recrystallized Pc (blue line) under 785 nm laser excitation with 1.1
X 10° mW cm™ power density.

the cocrystal shows the characteristic emission of isolated Pc at
616 and 670 nm, with no signal from host Tc. Probing different
regions of the sample one obtains similar results.

The same experiment carried out on pure crystalline Tc (785
nm excitation) shows that also in this case there is an up-
converted emission at S60 nm. This proves that (i) up-
converted emission is possible in Tc and (ii) in the Tc—Pc
cocrystal, up-conversion is attained, but the emitting species, in
spite of its lower concentration, is Pc.

We notice that up-converted emission from Pc is obtained at
laser power densities of the order of 1 X 107 mW/cm?, and its
intensity grows with the square of the incident laser power in all

the different areas of the samples probed (see SI Figure S6).
This indicates that this is a two-photon -initiated process which
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involves excitation of two molecular species, energy transport in
the crystal and bimolecular recombination. Similar results are
found also in the case of pure Tc (see SI Figure S8).

The role of the Tc matrix on the up-conversion mechanism is
demonstrated when considering that the excitation with 785 nm
light of pure Pc and Ac/Pc cocrystals (prepared with a molar
ratio similar to that used for Pc/Tc) does not yield any up-
converted emission unless we reach high enough laser powers
(1.1 x 10° mW/cm?). Under such an excitation condition, we
started observing in the former case the Raman signals of Pc and
in the latter very weak fluorescence signals from both Ac and Pc
in addition to Ac Raman signals %see SI Figure S9). The
appearance of the Raman signal, which is orders of magnitude
weaker than fluorescence emission, further confirms the lack of
up-converted Pc emission.

Time-Resolved Photoluminescence. The energy transfer
dynamics is analyzed by time-resolved measurements (see Figure
S). At short delay times (less than 100 ps) the PL spectrum of the
cocrystal shows mainly the Tc emission at 560 nm, while at longer
times the growth of the peaks at 616 and 670 nm is assigned to
pentacene emission. As shown in the inset of Figure Sa the Tc
decay time observed in pure Tc crystal is longer (220 ps) than in
the cocrystal (90 ps). The quenching of the Tc emission observed
in the cocrystal is a consequence of the energy transfer to the Pc
molecules, as proven by the rise of the Pc emission observed in
the first 200 ps (see inset of Figure Sb).

Up-Conversion Mechanism. To the best of our knowl-
edge up-converted emission from Tc without the presence of
suitable sensitizers has never been observed before. In order to
explain the mechanism generating this laser-induced UC
process, we can try to formulate a reasonable hypothesis by
considering what is widely recognized on the behavior of excited
states in Tc crystals. 'Sin%l‘e_tz <gssi_on (SF)_in Tc ha_s E_)eer} observed
and thoroughly studied. Triplet—triplet annihi-lation (TTA,
the reverse process of SF) takes place when two triplets
encounter and generate one molecule in an excited singlet state
and another one in the ground state. This process is
thermodynamically allowed in solid Tc (since E(S;) < 2E(T,))
but not in Pc.”® The up-converted emission in pure Tc crystals
and in Pc-doped Tc crystals might therefore originate from
TTA, which is an intrinsically bimolecular process and
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Figure S. (a) PL spectra of Tc crystal recorded at different delay times: 70 ps (black line) and 1200 ps (red line). In the inset the decay dynamics of
Tc emission at 560 nm. (b) PL spectra of Tc:Pc cocrystal 50:1 recorded at different delay times: 40 ps (black line), 215 ps (red line), and 1600 ps
(blue line). In the inset the decay dynamics of Tc emission at 560 nm and Pc emission at 670 nm.
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accounts for the quadratic trend found in the relationship
between emission intensity vs incident laser power.

A possible alternative explanation for the observed Tc
emission could be the direct excitation of singlet excitons via a
simultaneous absorption of two photons. To this aim, we
compared the Tc emission excited by a train of 100 fs long
pulses and a cw laser, both having the same NIR photon energy
and average intensity. However, the peak power of the pulsed
excitation, being much higher than the one of the cw laser,
should lead to a much more intense emission in the visible. At
odds with this hypothesis, pulsed and cw excitation gave similar
emission intensities. Accordingly, we rule out a direct two-
photon absorption process as a possible explanation of Tc
emission when excited by cw NIR light excitation.

Figure 6 reports the spectrogram of the PL emission excited
by an 80 MHz train of 100 fs long laser pulses peaked at 785
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Figure 6. (a) Spectrogram (spectrum as a function of time) of the Tc
PL emission excited by 100 fs long laser pulses with a fluence of 1 mJ/
cm’ at 785 nm. The spectrogram is reported as a false-color two-
dimensional image. The right panel reports the temporal evolution of
the spectral integrated signal. The red area highlights the transient PL
signal, while the blue area highlights the long-lived contribution. The
lower inset shows the spectrum of the PL signal integrated over a 100
ps time window: for negative delay (violet spectrum, region 1), zero
delay (green spectrum, region 2), and positive delay (orange spectrum,
region 3). (b) Maximum intensity of the PL spectrogram as a function
of the excitation pulse fluence. The green line represents a quadratic fit
to the experimental data.

nm. The Tc emission shows a transient contribution,
highlighted by the red area in the right inset of Figure 6, on
top of a long-lived emission (blue area). This latter
contribution has a lifetime much longer than the time
separation (12 ns) between laser pulses, as demonstrated by
the detection of the Tc emission at negative times, i.e., before
the arrival of the nth laser pulse and due to the pile-up of the
emission excited by all the previous pulses. The spectra of the
transient and long-lived contributions are identical, as shown in
the lower inset of panel a, and their relative intensity is

independent of the excitation pulse fluence. The Tc emission
scales quadratically with the laser intensity (Figure 6, panel b).

The ratio between the quantum yield of the transient and long-
lived PL emissions can be easily calculated from the
spectrogram and results to be around 0.5 (the intensity of the
long-lived PL signal is assumed nearly constant between pulses).
The observation of the transient emission can be explained
assuming a direct excitation of singlet excitons via the
simultaneous absorption of two photons. The long-lived
emission is consistent with the hypothesis of an indirect
generation of long-lived population of triplets. Triplets decay via
a TTA process to singlet excitons, which eventually undergo a
fast radiative decay. We finally note that the simultaneous
absorption of two photons is possible only under pulsed
excitation, while it is certainly negligible under cw-optical
pumping.

The main issue related to this explanation lies in the feasibility
of direct triplet excitation by means of laser light in the host
material. More likely, light excitation (for instance in the form of
an inelastic light scattering process) causes the population of
some “intermediate” state, which can sub-sequently de-excitate
and populate triplet states. Triplet excitons thus generated can
then diffuse through the crystal lattice and recombine at trapping
or defect sites located in the crystal. When considering pure Tc
crystals, TTA populates Tc excited singlets, which then

radiatively decay through fluorescence (Figure 7a).””

On the other hand, when considering Pc-doped Tc crystals,
the TT recombination sites might be associated in great
majority to the Pc substitutional defects in the Tc crystal lattice.
As a consequence, TTA of two Tc triplets takes place mainly at
the Pc sites, which are present in the crystal in a larger number
with respect to other types of defects or traps and are more
homogeneously distributed in the sample. This causes the
population of Pc excited singlet state, which then radiatively
decays (Figure 7b).

As to the nature of this “intermediate” state, further
investigation is needed. For the time being our data show that
there exist some broad and featureless emission at around 800
nm which could be associated with this state and which has been
observed in many polycondensated aromatic compounds (e.g,,
acenes, acene derivatives, perylene systems, etc.). Whether this
state is involved in the population mechanism of triplet states is
being investigated together with the assessment of its origin. At
present we cannot draw any final conclusion; however, an
indication that this state is associated with the aggregation state
of the sample comes from the pressure-dependent behavior
shown in Figure 8. In this figure we report the Raman spectra
obtained in a diamond cell before applying the pressure, during
pressure application, and after pressure removal.” As can be
seen, when pressure is applied on the material, the up-converted
emission red-shifts and decreases in intensity, to come back at
similar position and intensity after pressure removal. Under
pressure the emission at 800 nm is enhanced indicating that
either (i) the increased intermolecular interactions favor the
population and hence the emission from this state or (ii) since

under pressure the up-conversion efficiency decreases, probably

because of hindered excitation diffusion, the population of the
excited intermediate state is relaxed via direct emission. This

second hypothesis supports the existence of a relationship
between the population of the intermediate state and the
excitation of the triplet states involved in TTA mechanism.
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Figure 8. Up-converted emission spectra of 350:1 tetracene/
pentacene cocrystals in a diamond cell (4, = 785 nm) before
applying a pressure (black line), during pressure application (red line),
and after pressure removal (blue line) obtained at 9.7 X 10" mW cm™>
laser power density. (Asterisk indicates diamond Raman band which
can be used as an internal standard.)

Finally, measurements done on Tc in solution (see SI Figure
S12) show that UC in Tc isolated molecules does not occur,
thus supporting the idea that energy transfer from Tc to Pc is
involved in the UC emission of the guest species in the
cocrystals.

Quantum Chemical Calculations. Quantum chemical
B3LYP/6-31G(d,p) TDDFT*’ calculations have been carried
out on selected molecular models to provide some further
support to the experimental findings. To this CFurpose we carried
out quantum chemical calculations on model cluster systems
composed by assemblies of Tc and Pc molecules (see SI for
details). From these calculations we deduce that a sizable exciton
coupling exists not only in the case of pure Tc but also for Pc
embedded in Tc. The existence of a strong exciton coupling

30,1—5

occurring in the solid state is the physical basis for good

exciton transFort and diffusion across Tc/Pc molecular
crystals, one of the key elements of the mechanism proposed in

Figure 7.

CONCLUSIONS

In conclusion, we presented a cocrystalline system based on
oligoacene compounds, in which Tc was used as the host
matrix and Pc as the guest dopant. FRET from Tc to Pc guest,
characterized by a theoretical Forster radius of about 23 A,
takes place efficiently only at rather high dopant concentrations
(50:1). Pc doping appears to favor the radiative deactivation of
the Tc excited state, the PLQY being an order of magnitude
larger than that of pure crystalline Tec.

Apparently, even more efficient FRET originates in the
system when NIR light excitation is employed, giving rise to
UC emission. Indeed, when exciting with 785 nm laser light,
only the emission from Pc (guest) is observed, with no trace of
Tc (host) emission. This phenomenon is due to the occurrence
of a radiative delayed bimolecular exciton recombination in the
system, as shown also by time-resolved measurements.
Recombination of the photogenerated species preferentially
occurs at defect sites, mainly represented by isolated Pc
molecules in the Tc crystal lattice. Our future efforts will be
therefore addressed toward unraveling the exact mechanism
underlying this process, together with the evaluation of its
quantum efficiency. At present we want to underline the broad
relevance of the observations presented in this work, which
might allow us to stimulate further research addressed at
finding more efficient up-converting systems based on all-
organic cocrystalline systems, thus avoiding the use of heavy
metal components, which are commonly employed as triplet
sensitizers for TTA-promoted UC applications.
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